. Cloacal anatomy of paedomorphic female Ambystoma talpoideum (Caudata: Ambystomatidae), with comments on intermorph mating and sperm storage. Can. J. Zooi. 72: 2147 -2157. The cloacal anatomy of paedomorphic itmd\t Ambystoma talpoideum was examined using light microscopy and histochemical techniques. Three types of cloacal glands (anterior ventral glands, dorsal glands, and spermathecae) were observed. Glandular morphology and secretory activity were documented from seasonal samples collected in South Carolina. Maximal development of cloacal glands corresponded to a peak in reproductive activity. Sperm-storage glands, the spermathecae, contained sperm in specimens collected from November through February. Although greatly hypertrophied during the breeding season, the anterior ventral glands continue to release secretory material throughout the year. This suggests that these glands could function in capacities other than those related to reproduction. The rudimentary dorsal glands also contain sperm during the breeding season; however, the occurrence of sperm in these glands is considered to be incidental. The cloacal glands of paedomorphs are similar to those of metamorphs. Interbreeding between morphs may occur and thus facilitate the maintenance of both morphs in nature. L'anatomie du cloaque des femelles pedomorphes A'Ambystoma talpoideum a ete etudiee par microscopic photonique et au moyen de techniques histochimiques. Trois types de glandes cloacales (glandes ventrales anterieures, glandes dorsales et spermatheques) ont ete observes. La morphologic des glandes et leur activite secretrice ont ete etudiees sur des echantillons saisonniers de Caroline du Sud. Le developpement maximal des glandes cloacales correspond a une recrudescence de I'activite reproductrice. Les glandes de reserve de spermatozoides, les spermatheques, contiennent du sperme chez les femelles recueillies entre novembre et la fin de fevrier. Tres hypertrophiees au cours de la saison de reproduction, les glandes ventrales anterieures font une secretion continue durant toute I'annee, ce qui indique que ces glandes ne sont pas strictement reliees a la reproduction. 11 y a egalement des spermatozoides dans les glandes dorsales rudimentaires pendant la saison de reproduction, mais leur presence dans ces glandes parait etre accidentelle. Les glandes cloacales des individus pedomorphes sont semblables a celles des salamandres qui se metamorphosent. Les salamandres pedomorphes et les salamandres a metamorphose peuvent se reproduire entre elles, ce qui assure la survie des deux formes en nature.
Introduction
Ambystoma talpoideum is a common species of salamander in the Atlantic Coastal Plain and Mississippi Valley of the United States, ranging from Virginia to northern Florida and west to Texas, Arkansas, and Tennessee (Shoop 1960; Conant and Collins 1991) . It is a facultatively paedomorphic species with populations consisting of both terrestrial metamorphic adults and aquatic paedomorphic adults (Patterson 1978; Semlitsch 1985a ). Both morphs utilize ponds for breeding; the terrestrial morphs migrate to sites in South Carolina during the winter months (November-January), whereas the paedomorphic adults are present in ponds all year (Semlitsch 1985^) . Courtship and oviposition by the terrestrial morph generally occur during December, January, and February (Semlitsch 1985a ), but some paedomorphic individuals are known to breed earlier in some years (Scott 1993) . Females oviposit up to 1000 eggs {x = 441), which are scattered singly across the pond bottom on leaf litter, twigs, and debris (Semlitsch 1985 (2), but geographic variation in egg-laying strategy has also been reported (Semlitsch and Walls 1990 ). Breeding population size at one pond ranged from 333 to 2596
Primed in Canada / Imprime au Canada over a 6-year period, with a nearly 1:1 sex ratio each year (Semlitsch 1987) . After the breeding season is finished in March, metamorphic adults migrate to surrounding terrestrial habitats (a 100-to 300-m distance), where they remain fossorial until the next reproductive season. Individuals can breed more than once in their lifetime (1-6 times) and typically return to the same pond each season (Semlitsch et al. 1993 ).
Female A. talpoideum, like most salamanders, have spermstorage glands in the walls of their cloaca (Duellman and Trueb 1986; Sever 1991a) . Eggs are fertilized in the cloaca by sperm released from the spermathecae during oviposition (Boisseau and Joly 1975) . Few observations are available on the duration of sperm storage both before and after mating. Because most ambystomatids migrate from terrestrial habitats to breeding ponds over a period of several weeks, a relatively short period of sperm storage probably occurs between mating and egg laying. Although retention of sperm in the spermathecae after oviposition has been reported for some salamanders (Baylis 1939; Houck and Schwenk 1984; Verrell and Sever 1988; Massey 1990 ; Sever 1991^; Sever and Kloepfer 1993), most reports have included no evidence of storage of residual sperm between breeding seasons in other species of salamanders (Verrell and Sever 1988; Peccio 1992; Sever 1992a; Sever and Brunette 1993; Sever et al. 1995) . Indeed, the spermathecal epithelium may be actively spermiophagic (Sever 1992a; Sever and Brunette 1993; Sever and Kloepfer 1993) . Baylis (1939) , however, reported production of successive broods of young nearly 2 years apart by an isolated Salamandm salamandra whose last mating was at least 2 -2.5 years before the birth of her second brood. Massey (1990) also reported that female Notophthalmus viridescens retain sperm between successive breeding seasons, although the viability of such sperm was unknown. The only ambystomatid species in which the seasonal cycle of sperm storage has been studied is Ambystoma opacum (Sever and Kloepfer 1993; Sever et al. 1995) . This species is unique in the family in that breeding occurs on land, and mating may occur before arrival to the pond and nesting area (Sever et al. 1995) . Still, no evidence of mating > 1 month prior to oviposition has been presented for this species, and sperm persist no longer than 6 months after oviposition (Sever et al. 1995) .
The objectives of the present study were to describe the seasonal variation in cloacal anatomy of female paedomorphic A. talpoideum and to determine if paedomorphic females store sperm for more than one breeding season. The length of sperm storage for individual females was not determined; thus, the length of time sperm were present is a cumulative estimate for the population. Our test of sperm storage between breeding seasons is conservative and maximizes the opportunity for sperm storage because females were collected from the field and had had ample opportunity to mate several times or late in the breeding season.
Materials and methods
Periodic monthly samples of paedomorphic Ambystoma talpoideum were taken from October 1980 through November 1983 at four sites on the U.S. Department of Energy's Savannah River Site in Aiken and Barnwell counties. South Carolina (Gibbons and Semlitsch 1991) . Two additional samples of salamanders were taken in August 1985. Collections were made at two permanent natural ponds (Ellenton Bay and Flamingo Bay) known to have large breeding populations of paedomorphic individuals (Patterson 1978; Semlitsch 1985a ) and at two permanent experimental ponds, A and B, also containing breeding populations of paedomorphic individuals originating from Ellenton Bay and Sun Bay, respectively (Semlitsch and Wilbur 1989) . Samples were taken using a dip net or unbailed wire minnow traps. Salamanders were sacrificed in dilute Chloretone solution in the field and immediately fixed in a solution of 10% neutral buffered formalin. Snout-vent length (SVL; from the tip of the snout to the anterior margin of the vent) of specimens was measured following preservation and storage in 70% ethanol.
Cloacae from 29 females were prepared for histological examination using light microscopy. Blocks of cloacal tissue, including portions of the digestive and urogenital tracts, were dissected from the body of each female. The tissue blocks were then subjected to routine histotechniques as outlined in Humason (1979) . In brief, tissues were dehydrated in a graded series of ethanol and cleared with xylene; this was followed by trimming of tissues and infiltration in paraffin for 10 h. Paraffin embedding in plastic molds allowed for the orientation of tissue masses to enhance both transverse and sagittal sectioning of paraffin blocks. Blocks were trimmed of excess paraffin, and ribbons of material, serially sectioned using a rotary microtome, were affixed to slides using Haupt's adhesive. Slides were then alternately stained with hematoxylin and eosin (H&E, for general cytology), Pollac trichrome stain (PTS, for connective tissues and mucins), and Alcian blue at pH 2.5 (AB, for acid mucosubstances). Strong positive staining reactions using PTS and AB on cloacal gland secretions appeared deep red for mucins and light blue for acid mucopolysaccharides, respectively, whereas alternate or neutral staining reactions were light blue and pink, respectively. Some sections from each specimen were stained with AB at pH 2.5 and then counterstained with periodic acid -Schiff's reagent (PAS, indicative of neutral carbohydrates). In this procedure, PAS-positive substances stain magenta, AB-positive substances stain turquoise-blue, and secretory material that is both PAS-and AB-positive is purple (Sheehan and Hrapchak 1980; Kiernan 1990 ).
Identification and assignment of cloacal glandular clusters were according to Sever (I991fl, \992b) . For each specimen, 10 or more diameters of the largest alveolar portions of each gland were measured (to the nearest 0.1 /xm) using an ocular micrometer. In the case of dorsal glands, which are structurally rudimentary and are of unknown function in many salamanders (Sever 1991a) , only selected glandular clusters were examined or measured. The reproductive condition (presence or absence of vitellogenic ova) as well as the presence or absence of sperm within spermathecae and dorsal glands were recorded for each female.
Results

Gross anatomy
We describe the cloacal anatomy of a 51 mm SVL paedomorphic female Ambystoma talpoideum collected on 25 November 1981 from experimental pond A. A midventral incision (extending from the vent into the cloacal chamber and anteriorly onto the chest cavity) exposed the preovulatory configuration of the internal organs of this gravid specimen.
Upon lifting and reflecting the urinary bladder from its expanded position (approximately 10 mm anteriorly from its juncture with the cloaca), a highly constricted rectum of the large intestine was observed. The rectum (in this case mosdy devoid of fecal material) was narrowly squeezed (and pushed ventrally) by enlarged vitellogenic ovarian follicles, whereas greatly expanded and convoluted glandular oviducts occupied the region distally on either side (posterolaterally). (All specimens from late November through February possessed vitellogenic ovarian follicles >2 mm in diameter.) The most posterior segments of the oviducts are narrowed as they extend dorsally and medially to lie above the rectum before each empties into the cloacal tube through genital papillae. Mesonephric (opisthonephric) kidneys reside along the dorsal body wall in close proximity to the oviducts.
Microscopic
anatomy The major anatomical structures within the cloacal region (as mentioned above) can also be viewed microscopically via a sagittal section as illustrated in Fig. 1 , showing the positions of the three types of cloacal glands relative to one another. The following is a descriptive summary detailing the morphological features of the cloacal complex shown in Figs. 2 and 3 (from a late-November specimen, No. 58; Table 1), starting at the level of the juncture between the neck of the urinary bladder (Ub) and the large intestine (In).
As the Ub and In merge, the anteriormost clusters of anterior ventral glands (Av) are found squeezed between bands of abdominal musculature (Mu) and the abdominal cavity ( Fig. 2A) . Secretions fill the lumina of most of these glands (see Cloacal glands and their secretions). Dorsolateral to the Ub are the narrowed posterior segments of the oviducts (Ov*; Figs. 2A, 2D ). The internal lining of these mostly circu-FIG. 1. Cloacal anatomy (sagittal section) of a paedomorphic female Ambystoma talpoideum collected in late November, showing the cloacal glands at their maximum development (using Pollac trichrome stain). Av, anterior ventral glands; Ct, cloacal tube; Dg, dorsal glands; Gp, genital papillae; In, large intestine; Lf, lateral fold of the cloacal tube; Me, mesonephric kidney; Ov, oviduct (glandular portion); St, spermathecae; Ub, neck of urinary bladder; V, vent. The asterisk indicates the opening of the oviduct into the cloacal chamber. lar tubes takes on a rugose configuration compared with the anterior-gland-laden portions of the oviducts (Ov). A ciliated columnar epithelium characterizes the lining of the rugae. Paired archinephric ducts (Ad) of the mesonephric kidney (Me), are positioned dorsally and dorsolaterally, respectively, to the Ov*. The intestinal epithelium exhibits a pseudostratified columnar cell layer dominated by numerous round goblet cells.
In Fig. 2B , taken at a point 320 /im posterior to the section shown in Fig. 2A , the glandular oviducts have mostly disappeared within the abdominal cavity (Ac). The cloacal tube (Ct) lacks the profusion of goblet cells that characterizes the In, but retains the convoluted walls. The anterior ventral glands are now more conspicuous beneath the Ct.
The pair of genital papillae (Gp) hangs downward into the Ct (Figs. 2C-2F , starting approximately 100 /tm posterior to the end of the section in Fig. 2B) . The papillae open separately into the Ct; the left side (Fig. 2D ) empties anterior to the right (Fig. 2F) . The passageway between the Ov* and the Ct (as shown in Figs. 2D and 2E ) is lined with a ciliated, pseudo- stratified columnar epithelium, as is most of the midventral floor of the Ct. In Fig. 2E , the more lateral surfaces of the Ct are mostly composed of nonciliated, low, simple columnar cells. On the other hand, the external surfaces of the Gp exhibits a stratified cuboidal epithelium three or four cell layers in thickness.
In Fig. 2F (a region approximately 0.5 mm posterior to the end of the section in Fig. 2D ), the anterior cloacal chamber Fig. 2F ). In Fig. 3B , the first spermathecae (St) appear at around 180 fim posterior to Fig. 3A . The floor of the Ct has now begun to expand laterally to form distinct folds and recesses. When the latter occurs, as in Fig. 3C , the Av are divided into two separate lateral clusters within the cloacal lips. The Cc also exhibit conspicuous foldings as this cavity begins to push dorsally to meet the Ct (Fig. 3B) . The Ct retains prominent lateral folds (Lf) as well as a mid-dorsal central groove (Cg), as shown in Fig. 3C . This region communicates with all of the St (also shown in Fig. 3D ). The Ct and Cc merge soon after the appearance of the St.
The paired lateral folds of the cloacal tube (Lf; as viewed in Fig. 3D at a point 300 /xm posterior to Fig. 3C ) are retained laterally within the posterior cloacal walls. Each Lf continues to possess a ciliated, pseudostratified columnar epithelium, whereas both the Cg (lined with a stratified transitional epithelium of low columnar cells) and the Cc (lined with stratified squamous epithelium) lack cilia. Within the posterior cloacal chamber in Fig. 3E (approximately 300 iim posterior to Fig. 3D) , the Cg has been lost and the grooves within the Lf have extended ventrally to surround an outpocketing of the posterior cloacal wall. This bulge can be observed lying directly beneath the Lf in Fig. 1 . Moreover, this region is marked by the presence of numerous ductal openings into dorsal glands (Dg; see Fig. 1 ). The Av, so prevalent within the anterior ventral cloacal wall and the anterior cloacal lips, have all but disappeared. Although the St are quite numerous where they are embedded in the roof of the posterior cloacal chamber, none of their ducts open into this region of the cavity. The separation between the Dg and the St is revealed in Fig. 3F ; sperm are present in the Dg of Figs. 1, 3E , and 3F. The entire cloacal complex, measured from Figs. 2A through 3E, is roughly 2.2 mm in length.
Cloacal glands and their secretions
In terms of structural design, two of the three types of cloacal glands (i.e., Av and St) of paedomorphic A. talpoideum are of the simple, tubuloalveolar, exocrine variety (Sever 1992^) ; each exhibited tubules having an expanded secretory distal portion and a narrowed proximal duct. The Dg differ slightly from these two by generally lacking expanded alveolar regions. The method of secretion is similar in all three types; Av liberate in a more or less continuous manner (merocrine mode of secretion), and their secretions accumulate as globular masses within the distal lumina. Secretions by the St are also of the merocrine type; however, these substances were discharged in a manner that resulted in distal segments having a thin-walled, evacuated, vesicular appearance (Figs. 1 and 4) . 2154 duct regions usually possessed secretory materials throughout their entire length. The Dg have no secretory products within the lumina.
At the peak of reproductive activity, which corresponds to maximal cloacal gland development, a gravid January specimen (Table 1; No. 2) possessed Av that extended through about 2.3 mm of cloacal tissue. Approximately 80-100 glands composed the anteriormost Av cluster of distal segments (Fig. 2D) ; the majority of these segments contained a globular secretion (H&E neutral, PTS-and PAS-positive, AB-negative), whereas the lumina of the proximal ducts were devoid of materials. Droplets within the cytoplasm of the simple cuboidal epithelium lining the distal segments revealed a combination of staining reactions from faintly red to mostly blue-green, whereas the ductal epithelium appeared purple with PTS. The 100-120 St with sperm amassed within their secretions (H&E neutral, PTS-and PAS-negative, AB-positive) were observed emptying into the Cg. Both the cuboidal epithelium and the secretions of the St were blue, whereas in the same region Av secretions were light pink. Within the posterolateral wall of the cloaca, there was a sharp demarcation line between the narrow proximal ducts of the St and the Dg based upon their staining reactions. About 100 St resided above the 75-90 Dg. Although the Dg also exhibited sperm, their epithelial linings were PTS-positive, PAS-positive (slight), and AB-negative.
The PAS reaction in Av was very strong. During the November-February period, when the glands were hypertrophied, the apical cytoplasm as well as the lumen contained much secretory material, and the luminal masses were in the form of globules (Fig. 5) . But from March to August there was a less intense reaction in the apical cytoplasm (a spotty appearance), whereas the globules were absent; the lumina were narrow. The St were intensely AB-positive in specimens collected from November to February, with positively staining materials in either the cytoplasm or the lumen (Fig. 5) . From March to July, only a slight AB-positive reaction occurred in the apical cytoplasm. The Dg gave a scant (slight) reaction with PAS around the luminal borders. There was very little change in secretory activity of the Dg throughout the year.
Discussion
The overall cloacal anatomy of paedomorphic Ambystoma talpoideum was similar to that of a metamorphosed female briefly described by Sever (1992^) , except that the central groove in the paedomorphs extended farther into the cloacal chamber. The staining reactions and cytology of the glands were also similar, suggesting similar functions. Licht and Sever (1991) reported no difference in cloacal anatomy between metamorphosed and paedomorphic Ambystoma gracile and concluded that the two morphs of that species should be capable of interbreeding. Our data suggest that this is true for A. talpoideum also, and that reproductive isolation between morphs does not occur on the basis of cloacal anatomy. Moreover, this suggests that any reproductive isolation can occur only through other mechanisms such as assortative mating or temporal isolation. The ability to interbreed also has important ecological implications if offspring fitness is increased by occasional interbreeding of morphs. For example, if a paedomorphic female produces more metamorphic offspring by mating with a metamorphic male rather than with a paedomorphic male, she increases the probability that offspring will survive in a drying pond during a drought year. Thus, similarity in cloacal anatomy enhances the possibility of interbreeding of morphs under certain evironmental conditions and could facilitate the maintenance of both morphs through alternating selection on mate choice.
The continuation of secretory activity in the anterior ventral glands may indicate their importance in activities other than breeding. Sever (1988) hypothesized that the ventral glands secrete a pheromone and that this may be the ancestral function of the cloacal glands. We speculate that the anterior ventral glands of A. talpoideum may be involved in territorial marking or individual recognition throughout the year. The continued secretory activity, even at a reduced level, may be what is expected of glands of general importance in daily activity, but could have added significance (as when they hypertrophy) during a certain time of the year. Recent behavioral studies of aggression and defense of resident sites (e.g., refugia, burrows) by metamorphic ambystomatid salamanders suggest that chemical cues may be important (Ducey and Ritsema 1988; Walls 1990 ). Walls and Roudebush (1991) also demonstrated kin recognition in A. opacum, which also suggests that secretory substances might be important for behavioral interactions of larvae during foraging.
We found that some sperm also occur in the dorsal glands. The only other report of sperm occurring in cloacal glands other than spermathecae was by Hardy and Dent (1986) , who found sperm in the ventral glands of the newt N. viridescens (which lacks dorsal glands). They proposed that sperm move thigmotactically along the cloacal epithelium and, upon encountering the openings of a gland, are carried through these pores by a continuation of the thigmotactic response. Few sperm were found in the ventral glands of N.
viridescens, however, possibly because their lumina were occluded with secretory products (Hardy and Dent 1986) . In A. talpoideum, the dorsal glands were largely posterior to the spermathecae, and some sperm would encounter the openings of these glands before those of the spermathecae. Entry into the dorsal glands might be restricted, however, by their more minute pores and narrow lumina. No one has provided evidence that the spermathecae secrete a substance that attracts sperm.
Our results show that sperm are present in the spermathecae of all females during the breeding season (November-March) and that sperm storage may occur for a period up to 5 months. No females contained sperm during the nonbreeding period (May-October). This is a maximal estimate for sperm storage because individual females were not followed over the breeding season. We suspect that the actual time for which individuals can store sperm is considerably less. A recent study of a closely related species, A. opacum, indicates that sperm begin to degenerate within a month, and none persist for more than 6 months after oviposition (Sever et al. 1995) .
The presence of sperm storage for even a short time has direct implications concerning sperm competition and sexual selection. Sperm competition is highly probable if females (Parker 1970; Houck and Schwenk 1984 ) (i) mate more than once before the eggs are fertilized, (//) store inseminated sperm, (///) retain inseminated and viable sperm for longer than one breeding season, or (iv) use sperm sparingly. For birds (Birkhead and Moller 1992) , it has been proposed that the presence of sperm storage may compensate for the lack of synchrony between copulation and fertilization in the mating system, or may simply be the phylogenetic consequence of a particular ancestry (i.e., reptilian in the case of birds). For salamanders, the presence of sperm storage could be advantageous when the probability of finding a mate each year is low, as in fossorial, nonmigrating species (i.e., some plethodontid salamanders). Sperm storage in A. talpoideum and other migrating species is probably not necessary to ensure fertilization each year because of the high concentration of individuals at breeding ponds. We suggest that short-term sperm storage like that found in ambystomatid salamanders may be advantageous in allowing environmentally dependent oviposition in aquatic habitats. Once inseminated, females can wait until aquatic conditions are optimal to maximize the survival of embryos and larvae in the pond. For instance, ovipositing too early in the season can result in the loss of eggs due to pond freeze (Harris 1980; R.D. Semlitsch, unpublished data) . The decoupling of insemination from oviposition facilitates reproductive success in variable aquatic environments such as ponds.
However, as has been found in other species, any sperm storage increases the probability of sperm competition (Birkhead and Moller 1982) . At present, it is unknown whether female A. talpoideum pick up more than one spermatophore or mate with more than one male, thereby producing clutches fertilized by more than one male (but see Arnold 1977) . Research on these and related topics of sperm release from the spermathecae or dorsal glands should increase our understanding of the mating system and sexual selection in this facultatively paedomorphic species.
